The majority of genes of multicellular organisms encode proteins with functions that are not required for viability but contribute to important physiological functions such as behavior and reproduction. It is estimated that 75% of the genes of Drosophila melanogaster are nonessential. Here we report on a strategy used to establish a large collection of stocks that is suitable for the recovery of mutations in such genes. From ‫000,27ف‬ F 3 cultures segregating for autosomes heavily treated with ethyl methanesulfonate (EMS), ‫000,21ف‬ lines in which the treated second or third chromosome survived in homozygous condition were selected. The dose of EMS induced an estimated rate of 1.2-1.5 ϫ 10 Ϫ3 mutations/gene and predicts five to six nonessential gene mutations per chromosome and seven to nine alleles per locus in the samples of 6000 second chromosomes and 6000 third chromosomes. Due to mosaic mutations induced in the initial exposure to the mutagen, many of the lines are segregating or are now fixed for lethal mutations on the mutagenized chromosome. The features of this collection, known as the Zuker collection, make it a valuable resource for forward and reverse genetic screens for mutations affecting a wide array of biological functions.
T HE search for mutations in genes whose protein generated and now maintain a collection of 12,336 lines with EMS-treated chromosomes, with 6079 lines with products are known is complicated by the uncertainty regarding the phenotypes expected for such mumutagenized second chromosomes and 6257 lines with mutagenized third chromosomes. Here we describe the tations. To search for mutations in a gene encoding a protein of interest, an F 2 screen can be used if a mutant strategy used to generate this collection and report on the features that make it a valuable resource for genetic or chromosome deficiency is available for the locus. In analyses of a wide variety of physiological processes in the absence of a chromosome deficiency, it is necessary Drosophila. to carry out an F 3 screen to produce flies homozygous for a mutagenized chromosome. The interest in this laboratory has been in genes encoding eye-specific pro- MATERIALS AND METHODS teins, the mutations of which are expected to result in viable adults. In the past this approach has been effective Deciding on the optimal level of EMS required us to strive in recovering mutations of a number of genes; however, for a dose high enough to engender a high mutation rate, each recovery required a large F 3 screen involving thoubut not so high as to produce too many homozygous lethal chromosomes. We arbitrarily settled on the criterion that at sands of individual lines (Table 1) . least 75% of the treated chromosomes in a run must be homoOn the basis of our knowledge of the Drosophila zygous lethal. The reliable achievement of 75% lethality rephototransduction cascade, we knew that mutations for quired experimentation with mutagenic protocols, in the proevery gene had not yet been generated and that a definicess of which many F 3 runs were discarded. A modification of the procedure of Lewis and Bacher (1968) was finally tive saturation study was warranted. Our goal was to adopted. We fed sexually isolated, 5-day-old adult males for 6 conduct a screen in such a way that chromosomes were hr at room temperature a solution containing 25 mm EMS in efficiently mutagenized with ethyl methanesulfonate 3% sucrose and 2.5% green food coloring. The flies were then (EMS) and that statistically each nonessential autosomal scored on the basis of the quantity of EMS ingested as indicated locus would have at least one new mutant allele. In by the intensity of the green in their abdomens. Flies with dark abdomens were returned to the EMS for an additional addition, the collection should be of such quality that 18 hr. We again selected the flies for green abdominal color it would be worth maintaining and making available to and placed those selected in new food vials for 24 hr prior to other Drosophila investigators. Accordingly, we have mating to maximize the sperm exposure to the ingested EMS; during this time the green coloring was completely excreted.
The genetic scheme we used followed the standard protocol for Drosophila F 3 screens (e.g., see Greenspan 1997) a A mixture of F 3 and F 2 screens performed after the first ence of at least one moving white-eyed fly indicated homozyallele was found. gous viability, and the culture was retained. If no white-eyed b From the current screen. adults, but white-eyed pupae were observed, the adults were cleared and the vial was kept at 25Њ for 4 more days and scored again; the vial was then recorded as homozygous viable or as a pharate-adult lethal to be further screened for putative jected to saturation mutagenesis (Brizuela et al. 1994;  mechanosensory mutants (PMM). Any vials with previously Miklos and Rubin 1996) . These numbers lead to an undetected DTS escapers were discarded.
estimate of the average mutation rate of essential genes were induced for certain genes. We note that the mutation rates indicated in Table 1 are lower than the above Simple Poisson assumptions can be employed to provide an estimate of the number of mutations per chrotwo estimates. This may indicate that our Poisson-based estimates are inflated or that the mutation rates of the mosome in this collection. For the second-chromosome screen, 16% lethal-free lines imply 1.83 lethal mutaspecific genes tested depart from the mean and that the doses employed in those cases were lower than those tions/chromosome. The number of essential genes on the second chromosome is 1247, among 5290 (S. Celused in the present study. The rough estimates of the effectiveness of the mutanicker, personal communication) second-chromosome genes, on the basis of extrapolation from counts of 267 genesis presented earlier suggest that, despite some suggestions to the contrary (Peters et al. 2002) , the second lethal complementation groups in 415 of 1939 (Bridges and Bridges 1939; Bridges 1942 ) polytene bands suband third chromosomes have been truly saturated with mutations. That is to say, every gene has probably been reduced survival of homozygotes observed when the lines were originally isolated. Had we carried the crossmutated several times, but not every possible allele of every gene has been generated. Some mutations that ing scheme through a fourth generation to resolve the mosaics, the lethal frequency would have been greater, appear to be unique may simply represent rare alleles of genes, most of whose mutations are not recognized and the dose of EMS would have had to be adjusted accordingly. In spite of this frequency of now homozyby the screens employed. For example, it is possible that rare viable alleles of essential genes might be found in gous lethal lines, all of the lines in the collection remain useful and are currently being maintained. Mutations appreciable numbers, given the enormous numbers of essential-gene hits estimated for the total sample. in these lines may be identified genetically by deletion mapping or by complementation analyses with existing A feature of the collection, as it is currently constituted, is that in approximately one-third of the lines, the alleles. In addition, the EMS-induced lesion can be molecularly identified in heterozygous flies via heteromutagenized chromosomes have become homozygous lethal or nearly so, despite having been originally isoduplex formation and detection by targeting-induced local lesions in genomics (McCallum et al. 2000) or lated as homozygous viable. We attribute this to the fixation of lethal mutations that were mosaic in the denaturing high-preformance liquid chromatography methods (Bentley et al. 2000) . original F 1 of the treated male. If, for example, an F 1 male produced sperm carrying two types of mutagenThe Zuker collection has been used for a variety of screens in our laboratory. To identify new mutations in ized chromosomes, one bearing a lethal mutation and one a wild type or a nonallelic lethal, then inbreeding the inaD locus, Tsunoda et al. (1997) assayed homozygotes from the second-chromosome collection for the the F 2 will generate three types of offspring homozygous for the mutagenized autosome, lethal/lethal, lethal/ϩ (or absence of the InaD protein on Western blots of proteins extracted from heads. The recovery of five protein lethal #1/lethal #2), and ϩ/ϩ (or lethal #2/lethal #2), and they would have been saved as homozygous viable. Using null alleles testifies to the utility of their approach. This type of protein screen can be extended to other genes a dose of EMS that produced 22% autosomal recessive lethals, Epler (1966) found that 20% of the lines prosince we have stored Western blots of head proteins for the second-and third-chromosome lines (423 nitrocelducing viable homozygotes segregated for lethal mutations. It follows that in this study the dose of mutagen lulose blots of 15 lanes each for the second chromosome and 412 blots for the third chromosome). The secondgenerating Ͼ80% recessive lethals would produce significant numbers of apparently homozygous viable lines chromosome lines have also been screened for defective deep pseudopupils (Zelhof et al. 2003) . Approximately derived from animals multiply mosaic for recessive lethal mutations and thus segregating for several lethals.
7500 second-and third-chromosome lines have been screened for abnormal electroretinograms (E. J. KounMultiple mosaicism would also have contributed to the
